constant ( Inact ) was greatly slowed in Kv1.3 null mice voltage dependence of activation. The threshold for activation of the outward, whole-cell current in mitral cells relative to that in wild-type animals ( Figure 1A ). Mitral cells from Kv1.3 wild-type mice had a steady Inact of from Kv1.3 null mice is shifted by approximately ϩ20 mV in the positive direction ( Figure 1D ). 100-150 ms independent of days in vitro (DIV), in contrast to those from Kv1.3 null mice, in which Inact increased progressively over DIV to reach over 400 ms Cumulative Inactivation Is Altered in the OBNs of Kv1.3 Null Mice by DIV 5 ( Figure 1C ). Although both genotypes expressed the same outward current magnitude when iniOne of the characteristics of Kv1.3 channels is that their rate of exit from the inactivated state is extremely slow, tially placed into primary cell culture, by DIV 4-5 the null mice failed to express currents greater than about 1200 a property that contributes to cumulative inactivation when the channel is depolarized repetitively (Marom and pA, whereas their time-matched wild-type controls reached between 1600 and 2200 pA ( Figure 1B) . IndeLevitan, 1994). Thus, a repeated interpulse interval shorter than 30 s causes a build-up of channels in the pendent of DIV, Kv1.3 null mice also have an altered Figure 7B) , we threshold current pulses while holding the neurons near nitude over the course of the testing period ( Figure 3E ). These data indicate that, as expected, loss of the Kv1.3 or below the resting potential. Only neurons with resting potentials of at least Ϫ50 mV were considered in the channel renders neurons insensitive to a specific Kv1.3 channel blocker. analysis. The resting potential of the mitral cells from Kv1.3 null mice (Ϫ55.5 Ϯ 1.0 mv) was slightly more
In a recent study of T lymphocytes derived from Kv1.3-deficient mice, an upregulation of a Cl Ϫ conductance depolarized than that from wild-type mice (Ϫ57.9 Ϯ 1.3 mv; ␣ Յ 0.05, Student's t test). Wild-type neurons typiwas found to compensate for the lack of Kv1.3 current, potentially underlying a stabilization of the resting pocally responded to intracellular current injection by repetitive firing of action potentials ( Figure 2D Figure  2F ). Neurons from Kv1.3 null mice fired a leading action ClC 3 chloride channels in the OB (see below), we also tested this possibility for mitral cells using the non selecpotential of lower amplitude than that of wild-type mice, followed by action potentials of decreasing amplitude tive Cl channel blocker NPPB. A 20 min application of NPPB produced a small suppression of mitral cell peak at a regular and higher frequency than wild-type ( Figures  2E and 2F) . A comparison of action potentials across current in both wild-type and Kv1.3 null mice, potentially demonstrating an equal contribution of Cl conductance the two genotypes demonstrates that those in Kv1.3 null neurons have a lower height (97.6 Ϯ 1.9 mV ϩ/ϩ in both genotypes ( Figures 3C and 3D) . However, the vehicle alone (EtOH) also produced a small suppression versus 63.8 Ϯ 5.2 mV Ϫ/Ϫ), faster 10%-90% rise time (21.6 Ϯ 0.8 ms ϩ/ϩ versus 11.5 Ϯ 1.5 ms Ϫ/Ϫ), greater of current. Thus, although the response to NPPB was similar for both genotypes, it was not robust or statistiwidth at 50% amplitude (3.4 Ϯ 0.1 ms ϩ/ϩ versus 9 Ϯ 1.4 ms Ϫ/Ϫ), longer duration (5.8 Ϯ 0.2 ms ϩ/ϩ versus cally significant ( Figure 3F ). 7.0 Ϯ 0.6 ms Ϫ/Ϫ), and lower peak amplitude (31.0 Ϯ 1.3 mV ϩ/ϩ versus 2.8 Ϯ 4 mV Ϫ/Ϫ).
Responses Figure 3A) . MgTx significantly suppressed mitral cell current in wildKv1.3 null mice. Twenty minutes of bath application of either insulin or BDNF significantly suppressed about type animals but did not affect that from Kv1.3 null mice (paired t test, ␣ Յ 0.05, n ϭ 4-8). As a control for patch 30%-40% of the outward current in wild-type animals and had no effect on peak current magnitude of mitral stability over time, cells were also treated with vehicle control (bath saline in the case of MgTx) to ascertain cells from Kv1.3 null mice (Figures 4A-4D ; paired t test, ␣ Յ 0.05, n ϭ 5-9). that there was no significant decay in peak current mag- Table 1 ). Interestingly, even though total intake was equivalent, the null animals ate more frequently No apparent differences were observed in the ability of the Kv1.3 null mice to mate or to nurse their offspring, and drank less often when monitored for 8 days as determined by breakage of a photobeam or lickometer two olfactory-related behavioral tasks. However, in testing for general anosmia where animals are required to to achieve food or water (Table 1) food item was over twice as fast as that recorded for ioral assays were performed. Moreover, when the two groups of animals were monitored for motivation to exthe wild-type mice, but equally fast as that of wild-type mice when the item was a play item (marble) without an plore a novel object, their duration of exploration was not significantly different ( Figure 6B ), thereby strongly associated odor ( Figure 5A ). Odor-habituation trials were then performed to detervalidating the difference between the animals on odorhabituation trials. mine whether null animals could distinguish between two odor qualities or whether total olfactory sensation Last, because the Kv1.3 null mice had an apparent increased ability to discriminate odors, we questioned was simply elevated without regard to discrimination or tuning. In the first set of odor-habituation experiments, whether there was a difference in odor-detection threshold in the null mice. Unlike the tests in Figure 5 that the odor pairs were comprised of complex odorant mixtures such as peppermint, ground food extract, ground utilize naive mice, most traditional behavioral paradigms for odor threshold involve memory, so we first demonfecal matter extract, or geranyl acetate (GA). Both genotypes had comparably shaped habituation curves when strated that the wild-type and Kv1.3 null mice had equivalent memory recognition of objects after 1 and 24 hr exploratory time was monitored for an odor-saturated cotton swab that was repeatedly presented to the naive ( Figure 6C ). This served as a control for the odor-detection experiments that require the trained mouse to retain animal (see Experimental Procedures) ( Figure 5B ). Kv1.3 null mice, however, habituated slightly faster than the information learned during the previous day's behavioral session. Using a two-choice paradigm, ten animals of wild-type animals even though the extent of habituation was similar ( Figure 5B, inset) . Upon presentation of the each genotype were trained to dig for a food reward hidden under peppermint-scented litter. Kv1.3 null mice novel, second odorant in the pair to determine discrimination from the first, habituated odor quality, Kv1.3 null consistently outperformed the wild-type mice by accurate retrieval of the hidden reward item at odorant conmice had an increased mean exploratory time between 4-and 30-fold dependent upon the tested odorant pair centrations that ranged between 1,000-to 10,000-fold less than that found accurately by the wild-type mice ( Figure 5C ). An increased exploratory time following habituation is indicative of the animal's ability to detect ( Figure 6D ). Both genotypes had similar ability to learn the trained task, as evidenced by the ability of all mice the new odor mixture or molecule as different. In contrast, wild-type animals habituated similarly but had far to have the same accuracy in selection (percent correct) at higher odorant concentrations. Number of decisions less discrimination ability as reflected in their 1.5-to 2.5-fold increase in exploration time to the novel odorant prior to correct choice was also scored but did not indicate any marked difference between genotypes following habituation. In the second set of odor-habituation experiments, the same experimental paradigm was (data not shown). The only perceived difference we observed, beyond that of odor detection threshold, is that performed, but now using test odorant pairs of alcohol molecules that differed by only one to four carbons in the null mice took longer to make a correct choice at the highest odorant concentrations ( Figure 6E ). chain length ( Figure 5D ). Both Kv1.3 null and wild-type animals had the ability to discriminate odorant molecules differing in one to four C atoms; however, the Loss of Kv1.3 Alters the Expression of Kv1.3 Modulatory and Scaffolding Proteins Kv1.3 null mice outperformed the wild-type mice in alcohol pairs that differed by 1C or 4C in length. Mice of To verify further the loss of Kv1.3 transcription in the Kv1.3 null mice (Ϫ/Ϫ), RT-PCR was conducted with RNA both genotypes performed equally well in discrimination between alcohol molecules that were intermediate in from the OB of P20 null and wild-type mice. Agarose gel electrophoresis of the PCR-amplified products conchain length differences (2 or 3 C) ( Figure 5D ).
Odor-habituation experiments rely on measurement firmed a band of predicted size in wild-type animals, and this band was missing in the Kv1.3 null animals of basal locomotor activity (Table 1) Because the size and number of glomerular units deregularity in firing in the Kv1.3 null OB neurons may alter the pattern of response to olfactory information. Our pend on position within the olfactory bulb, we elected to calculate the size and abundance of glomeruli at five current-clamp recordings suggest that less current is required to elicit spike frequencies equivalent to that of equally spaced coronal locations across the bulb. Three non-littermates of each genotype (P10) were used in the wild-type neurons, a property that may allow the animals to detect odor molecules at lower concentrations. Alterstudy. Individual glomeruli were hand circled using the Metamorph image analysis program, the glomerular natively, the formation of smaller and more numerous units for this type of processing may provide a greater cross sectional area was binned in increments of 100 m , FL) , UPC 0-5210007079-7, and food extract was prepared from General Labomolecules differing by number of carbon atoms were diluted 1:100 in mineral oil and applied to a cotton swab. The cotton swab was ratory Diet 5001 (Purina). Liquid odorants were diluted to working concentrations with light mineral oil (Fisher; Cat. 0121-1) and vorintroduced to the mouse through the top of the testing cage and time of active investigation/smelling of the odor was recorded. Mice texed for 10 s. For odor habituation experiments, 10 l of diluted odorant was applied directly to a cotton swab for behavioral testing.
were habituated to the first odor of an odor pair combination by repeat stimulation with the odor saturated swab for seven trials For odorant threshold testing, 500 l of diluted odorant was applied to 20 g of crushed walnut chips to scent the litter. Feces were using 1 min resting intervals. On the eighth trial, the second odor of the odor pair was presented and time of increased exploration obtained from lactating female, caecotroph matter. Solids, the food chow, and the feces, respectively, were crushed between paper was scored. All recorded times were normalized and compared to the animal's original exploration time prior to habituation to minimize with pressure applied, and a mineral oil-wetted swab was rolled in the resulting crumbs for behavioral testing.
the between-animal variance. The ratio of normalized exploratory time on the seventh trial (habituated) over that of the eighth trial (new odorant) was compared across wild-type and Kv1.3 Ϫ/Ϫ mice Biochemistry within an odorant pair using an arc-sin transformation for percentPostnatal day (P), twenty mice were euthanized by CO 2 inhalation age data with a paired t test at the 95% confidence level. Figure 5D ). For each daily test session, mice were proture in the whole-cell recording configuration. Electrodes were fabrigressively tested on sequentially lower dilutions that were prepared cated from Jencons glass (Cat #M15/10, Jencons Limited, Bedfordin 10-fold dilution step increments. A test of a given dilution conshire, England), fire-polished to approximately 1 m tip diameter, sisted of four to eight trials. If a mouse responded with 80%-100% and coated near the tip with beeswax to reduce the electrode capacfor correct decisions, it was tested on the next lower dilution. Since itance. Pipette resistances were between 9 and 14 M⍀. All voltage mice only had the capacity to stay attentive to the task for 30-45 signals were generated, and data were acquired using an Axopatch min (approximately fifteen trials), the lowest dilution at which 100% 200B in conjunction with pClamp8.0 software (Axon Instruments, correct decisions were made was resumed on the next day. If the Foster City, CA). The amplifier output was filtered at 2 kHz and mouse responded incorrectly (60%-80% correct decisions), it was digitized at 2-5 kHz.
retested twice with the previous stronger dilution. Odorant threshold All electrophysiological data were analyzed using pClamp softwas determined at 50% correct decisions or retrieval of reward by ware (Axon Instruments). Data traces were subtracted linearly for chance alone. All training and testing were conducted between 1600 leakage conductance. The inactivation of the macroscopic current and 2000 hr in a room isolated from external noise. This behavioral 
Object Recognition Eighteen mice were individually habituated for 1 week in an openOdor Habituation
To test for general anosmia, naive mice were removed from the field chamber (26 ϫ 47 ϫ 13.5 cm) prior to performing the task. For the recognition testing, two objects were placed in the chamber home cage and placed in a testing cage (29.2 ϫ 19.1 ϫ 12.7 cm) in which a peanut butter cracker or size-matched marble was hidden and mice were allowed to explore them for a 5 min interval. The amount of time the mouse was oriented to each object within one from view under the litter. The item to be retrieved was randomly selected and hidden in a different location in the cage on each trial.
head length was scored. After either 1 or 24 hr, mice were tested for memory retention by replacing two objects in the chamber at The retrieval time was recorded from the instant the mouse was the same position, but replacing object 2 (familiar object) with object Modulation of the Kv1.3 potassium channel by receptor tyrosine kinases. J. Gen. Physiol. 110, 601-610. 3 (novel object) and again scoring orientation for a 5 min interval. This behavioral paradigm was designed based upon that described Bozza, T., Feinstein, P., Zheng, C., and Mombaerts, P. 
